Our understanding of the mechanism of protein synthesis has undergone rapid progress in recent years as a result of low-resolution X-ray and cryo-EM structures of ribosome functional complexes and high-resolution structures of ribosomal subunits and vacant ribosomes. Here, we present the crystal structure of the Thermus thermophilus 70S ribosome containing a model mRNA and two tRNAs at 3.7 Å resolution. Many structural details of the interactions between the ribosome, tRNA, and mRNA in the P and E sites and the ways in which tRNA structure is distorted by its interactions with the ribosome are seen. Differences between the conformations of vacant and tRNA-bound 70S ribosomes suggest an induced fit of the ribosome structure in response to tRNA binding, including significant changes in the peptidyl-transferase catalytic site.
INTRODUCTION
Ribosomes are the ribonucleoprotein complexes responsible for protein synthesis in all living cells. Detailed knowledge of their molecular structure and the ways in which they interact with mRNA, tRNA, and other functional ligands is essential for understanding the mechanism of this central process of gene expression. The smallest ribosomes, from bacteria and archaea, have molecular weights of about 2.5 MDa and are composed of about 60% RNA and 40% protein. Their small (30S) subunits contain 16S rRNA ($1500 nucleotides) and about 20 proteins; their large (50S) subunits contain 23S rRNA ($2900 nucleotides), 5S rRNA ($120 nucleotides), and more than 30 proteins. Unlike other polymerases, the mechanism of action of ribosomes appears to be based on their RNA (Green and Noller, 1997; Nissen et al., 2000; Noller et al., 1992) . The formidable structural complexity of the ribosome is compounded by its structural dynamics, which underlie its functional capabilities. An important challenge, therefore, is to understand the structure of the ribosome not only at high resolution but in different complexes representing its many different functional states.
In recent years, rapid progress has been made in the determination of ribosome structures. Cryo-EM reconstructions of ribosomes and many functional ribosome complexes have provided low-resolution representations of the ribosome trapped in different states of the translational process (Agrawal et al., 1999; Frank and Agrawal, 2000; Gao et al., 2003; Stark et al., 2000) . These studies have provided the first indications of large-scale molecular movements such as relative rotation of the two subunits during translocation (Frank and Agrawal, 2000) . Until recently, the most detailed views of the ribosome came from all-atom crystal structures of the isolated 30S and 50S subunits from Thermus thermophilus, Haloarcula marismortui, and Deinococcus radiodurans Harms et al., 2001; Wimberly et al., 2000) , which in some cases were cocrystals containing model tRNAs and mRNAs (Ogle et al., 2001 (Ogle et al., , 2002 Schmeing et al., 2002 Schmeing et al., , 2003 , antibiotics Hansen et al., 2002; Pioletti et al., 2001) , and translation factors (Pioletti et al., 2001; Wilson et al., 2005) . These structures have not only revealed the three-dimensional structures of the rRNAs, ribosomal proteins, and their mutual interactions but have also led to proposals for the mechanisms of aminoacyl-tRNA selection, catalysis of peptide bond formation, and the modes of action of many antibiotics. However, a complete understanding of protein synthesis requires knowledge of the structure of functional complexes of the whole ribosome, its true biological context.
The first crystal structures of complete ribosomes, from T. thermophilus 70S complexes, provided a description of the interactions between tRNA and the ribosome in the A, P, and E sites and identified the molecular components of the intersubunit bridges and the path of the mRNA Yusupova et al., 2001) . The structure of a 70S complex containing a model threonyl-tRNA synthetase mRNA and tRNAs bound to the A and P sites has shown how structure in the 5 0 leader of the mRNA is able to regulate initiation of translation (Jenner et al., 2005) . More recently, the structures of complexes containing the release factors RF1 and RF2 have provided insight into the mechanism of translational termination (Petry et al., 2005) . So far, the structures of these 70S complexes have been limited to resolutions of between 5.5 and 7 Å , preventing a more complete understanding of the molecular basis of the interactions between the ribosome and its main functional ligands as well as the ways in which they perturb each other's structures during translation. In a recent landmark paper, the structures of two conformational states of the Escherichia coli 70S ribosome were solved at 3.5 Å resolution, representing the most detailed view of the complete ribosome obtained so far and providing new information about the structural basis of ribosome dynamics (Schuwirth et al., 2005) . The impact of these structures on our understanding of protein synthesis is nevertheless limited by the absence of mRNA and tRNA. Here, we report the crystal structure of a complex of the T. thermophilus 70S ribosome containing a model mRNA and two tRNAs, bound to the P and E sites, at 3.7 Å resolution. The improved resolution enables visualization of the nature of molecular interactions between the ribosome, mRNA, and full-length tRNAs for the first time. Moreover, it shows how the conformations of both the tRNAs and the ribosome are perturbed by formation of the tRNAribosome complex.
RESULTS AND DISCUSSION

Structure Determination
A complex of the Thermus thermophilus 70S ribosome containing a 10 nucleotide model mRNA and two tRNAs was crystallized in a new crystal form ; see also Figure S2 in the Supplemental Data available with this article online), belonging to the I422 space group, with unit-cell dimensions a = b = 507.8 Å , c = 689.5 Å , that diffracts to 3.7 Å (Table 1) . Shortening of the c axis by $110 Å relative to the previous crystal form ) is mainly due to rearrangement of one of the lattice contacts, in which the stalks of 5S rRNA symmetry mates run parallel to each other rather than stacking coaxially. An E. coli tRNA Phe was bound to the P site, and an endogenous tRNA (most likely a heterogeneous mixture of T. thermophilus tRNAs) occupied the E site.
Structure determination was done using the molecular replacement method, followed by rigid-body refinement using successively finer rigid-body groups. Finally, alternating rounds of reciprocal-and real-space (Korostelev et al., 2002) refinement, interspersed with manual refitting, were used, resulting in a value for R free of 0.35 (see Experimental Procedures). The positions of RNA bases, riboses, and phosphates and the main chains of the proteins could be assigned to features of the electron density map ( Figure 1C ; Figures 2A-2C ; Figure S1 ), with the exception of proteins L7/L12, L10, L11, L31, and L33; positions 55-160 of L1; the 3 0 end of the mRNA including the A codon; and the very 5 0 and 3 0 ends of 16S rRNA, which were disordered.
The 70S P Site
The roles of the P site are to hold the peptidyl-tRNA tightly to prevent loss of the nascent chain, to maintain the correct translational reading frame when the A site is vacant, and to bind the initiator tRNA during initiation of protein synthesis. In our complex, an E. coli tRNA Phe is held in position by numerous interactions with 16S and 23S rRNA and three ribosomal proteins, in addition to base pairing with a UUC codon (Figures 1A and 1B; Table S1 ). In the 30S P site, the main contacts with the anticodon stemloop (ASL) and codon are made by 16S rRNA, bolstered by interactions with the C-terminal tail of protein S13, as described below. In the 50S P site, the minor groove of the P-tRNA D stem rests on the minor groove of helix 69 of 23S rRNA. The P-tRNA elbow contacts an extended b hairpin of protein L5. Nucleotide 2 of its acceptor stem interacts with the P stem (helix 80) of 23S rRNA. The N-terminal end of protein L27, which approaches the end of the acceptor stem, is well ordered in our electron density map beginning only at position 9; its N-terminal tail is disordered. The b hairpin at position 82 of protein L16 approaches within 10 Å of the major-groove face of the acceptor stem of P-tRNA at positions 2 and 64; although not in direct contact, its position suggests that it could interact transiently with the tRNA as it moves between the A and P sites. Ribosomal interactions with tRNA in the 30S P site contrast sharply with those in the 30S A site, which, in keeping with its role in selecting the correct aminoacyl-tRNA, contacts the tRNA and mRNA with only four nucleotides of 16S rRNA, three of which fit precisely into the minor groove of the codon-anticodon helix (Ogle et al., 2001 ). In the P site, eight nucleotides of the P site codon and tRNA anticodon stem-loop (ASL) are fixed in position by interactions with ten nucleotides of 16S rRNA, which include four of its eleven posttranscriptionally methylated nucleotides (Guymon et al., 2006) . In T. thermophilus ribosomes, these interactions are bolstered by interactions with the extended C-terminal tail of protein S13. Four universally conserved nucleotides contact the P codon backbone of mRNA, forming H bonds with all three codon nucleotides. Phosphate 1 of the P codon is H bonded to the N1 and N2 positions of G926. m 3 U1498 packs against the ribosephosphate backbone of nucleotides 1 and 2 of the P codon, making an H bond from its O4 position to the 2 0 hydroxyl of codon nucleotide 2. The phosphate group of codon nucleotide 3 H bonds with the 4-methylamino group of m 4 Cm1402. No contacts are made between the ribosome and the P codon bases. In addition to base pairing with the P codon, the anticodon of the P site tRNA is buttressed by stacking with base m 5 C1400 on its wobble base (G34), as predicted more than 20 years ago by Ofengand, Zimmermann, and coworkers (Prince et al., 1982) , and by packing of m 2 2 G966 against ribose 34 ( Figure 1B ). The sole protein contacts are with the highly basic C-terminal tail of protein S13, at phosphates 31 and 36 ( Figure 1B) . The extensive packing of 16S rRNA around the third base pair contrasts with what is observed for the 30S A site, where minimal interactions explain the prevalence of third-position wobble in the genetic code (Ogle et al., 2001) . In contrast, during translational initiation in the 30S P site, initiator tRNA fMet can recognize AUG, GUG, or UUG as methionine start codons-i.e., wobble is tolerated in the first rather than in the third position. The contrasting architectures of the 30S A and P sites may underlie their different rules for codonanticodon pairing.
Interactions with the anticodon stem involve both backbone and minor-groove interactions, focused on nucleotides 30 and 31 ( Figure 1B ). Extensive interactions, including H bonding and van der Waals packing, are made between the backbones of nucleotides 1229, 1230, and 1341 and the tRNA ( Figure 1B ). In the same region, bases G1338 and A1339 are positioned in the minor groove of the anticodon stem, poised to make potential type II and type I A-minor interactions with the 29-41 and 30-40 base pairs, which would require movement of this region of the head by $1.5 Å . These interactions are believed to mediate discrimination of initiator tRNA during formation of the 30S initiation complex (Dallas and Noller, 2001; Lancaster and Noller, 2005) . In their analysis of the structure of the 70S ribosome, Schuwirth et al. (2005) pointed out that there is a structural barrier to movement of tRNA from the P to E sites, created by the ridge containing G1338 and A1339 and the 790 loop, which are separated by only $13 Å in their structures. This barrier is maintained in our structure, where the gap is reduced by only a fraction of an angstrom, requiring movement of the head of the 30S subunit to permit translocation, as proposed by Schuwirth et al. The positions of the 16S rRNA P site nucleotides in the vacant ribosome superimpose upon those in the tRNA-containing complex around the codon-anticodon interaction (with the exception of the flipped m 2 2 G966), but the nucleotides that contact the anticodon stem are displaced by several angstroms due to movement of the head of the 30S subunit. The observed 16S rRNA-tRNA contacts are in agreement with chemical probing studies in which binding of tRNA to the P site protected G926, m 2 G966, G1338, A1339, and C1400 from attack by the base-specific probes kethoxal and dimethyl sulfate Noller, 1986, 1991) ; modification of three of these bases (G926, m 2 G966, and G1338) was shown to interfere with binding of tRNA to the E. coli 30S P site (von Ahsen and Noller, 1995) .
The Peptidyl-Transferase Center Studies on the mechanism of catalysis of peptide bond formation by the ribosome have been influenced by high-resolution structures of isolated 50S subunits bound with oligonucleotide analogs of tRNA, including a construct designed to mimic the acceptor ends of the A and P site tRNAs joined together in the transition state of the peptidyl-transferase reaction Schmeing et al., 2005a) . These studies have shown that the catalytic site is composed exclusively of RNA, a conclusion that is also supported by our results. Surprisingly few differences were observed for the positions of the 23S rRNA nucleotides of the substrates or the surrounding features of the peptidyl-transferase center (PTC) between the structures of vacant 50S subunits and those of most 50S-substrate complexes or even the E. coli 70S ribosome, apart from A2602, whose orientation has been found to be highly variable Harms et al., 2001; Schuwirth et al., 2005) . The first indications of structural mobility in the PTC come from a more recent study, where it was found that the presence of a CCA-containing A site substrate analog induces conformational shifts of several nucleotides, including U2506, G2583, and U2584-2585 as well as the substrate analog, resulting in exposure of the carbonyl group of the peptidyl substrate to attack by the aminoacyl group (Schmeing et al., 2005b) .
In our structure, which represents the first detailed description of the interactions between a full-length P site tRNA and a complete 70S ribosome, the state of our deacylated tRNA is expected to resemble most closely that of a tRNA bound to the P site immediately following peptide bond formation, with the difference that the A site of our complex is not occupied by peptidyl-tRNA. When compared with the structure of an H. marismortui 50S complex containing a CCA oligonucleotide bound to the P site (as well as to the A and E sites), our electron density map (Figure 2A ) shows significant movement of critical nucleotides in the catalytic site ( Figure 2B ). It should be kept in mind that the comparisons presented here need to take into account possible phylogenetic structural differences between T. thermophilus, E. coli, and H. marismortui ribosomes and the effects of different crystal lattice contacts and crystallization conditions on ribosome conformation as well as the different kinds of complexes that were used. Nevertheless, detailed comparison of the structure of the peptidyl-transferase region of our 70S complex with those found for model complexes of the H. marismortui 50S subunit and the vacant E. coli 70S ribosome shows that, apart from movement of certain specific nucleotides in the PTC, the positions of most nucleotides in the surrounding structure (e.g., C2065 and U2449) are superimposable ( Figure 2B) .
One of the shifted nucleotides is A2451 ( Figures 2B and  2D ), previously implicated in the peptidyl-transferase catalytic mechanism because of the proximity of its N3 to a critical oxygen in the bound Yarus transition-state analog . In our structure, the N3 of A2451 moves toward the O3 0 position of ribose 76, resulting in disruption of the A2451-G2102-G2482 base triple. Coupled with this is a movement of the noncanonical A2450-C2063 base pair and A76 of the P site tRNA toward each other, bringing the A-C pair within H-bonding distance of the 2 0 OH group of A76 ( Figure 2E ), which has been shown to play an essential role in catalysis (Dorner et al., 2003; Quiggle et al., 1981; Weinger et al., 2004) . This raises the possibility that the A-C pair, which is expected to have a pK a in the range of 6.0-6.5 (Cai and Tinoco, 1996) , acts as a proton donor/acceptor, by analogy with the active-site histidines in many protein enzymes. Studies of the pH-rate dependence of the peptidyl-transferase reaction identified a ribosomal group with an apparent pK a of $7.5 (Fahnestock et al., 1970) , and it was suggested that this group could be the universally conserved A2450-C2063 wobble pair (Katunin et al., 2002) . Replacement of the A2450-C2063 pair by an isosteric but uncharged G-U wobble pair results in loss of the characteristic pK a as well as a 200-fold or more decrease in the catalytic rate using the puromycin reaction, suggesting that the protonated A-C pair is responsible for the pHrate dependence and that peptidyl-transferase activity depends on the uncharged (deprotonated) form (Hesslein et al., 2004) . However, more recent studies by the same group using a full-length aminoacyl-tRNA as an A site substrate have shown disappearance of the pH-rate dependence in the pH range 6.0 to 9.0, suggesting that the titratable group is important for positioning the model puromycin substrate and calling into question possible acid-base catalysis by the ribosome (Bieling et al., 2006) . One caveat of these experiments is that binding of full-length aminoacyl-tRNA substrate is rate limiting and so could mask changes in rate for the chemical step of the peptidyl-transferase reaction. In a second experiment, where the a-amino group of the aminoacyl-tRNA was replaced by hydroxyl, the pH-rate dependence was also not observed; however, in this case, the rate of the reaction was reduced by >50,000-fold, raising the possibility that details of the catalytic mechanism might differ from those of authentic peptide bond formation. Brunelle et al. (2006) recently showed that use of (5 0 ) C-P puromycin in place of puromycin as A site substrate eliminated the pK a attributable to the ribosomal structural change, suggesting that base pairing of C75 of the A site substrate with G2553 triggers this change in a way that removes its pH dependence. Although the potential role of the noncanonical A2450-C2063 base pair in the peptidyl-transferase reaction remains an open question, the ability of this critical region of the ribosome to undergo movement needs to be taken into consideration in formulating mechanistic models involving the 50S P site.
The 70S E Site
The E (exit) site binds deacylated tRNA prior to its release from the ribosome and has a virtually absolute specificity for tRNA bearing a free ribose at its acceptor end. Its role is thought to be to provide a favorable free-energy difference for movement of tRNA out of the P site during translocation (Lill et al., 1989; Moazed and Noller, 1989b) . Indeed, destabilization of interactions between tRNA and the 50S E site has been found to inhibit translocation, most likely by interfering with formation of the intermediate P/ E hybrid state (Feinberg and Joseph, 2001; McGarry et al., 2005) . In our complex, the E site of the 70S ribosome is filled by an endogenous tRNA that most likely represents a heterogeneous mixture of tRNA species. Refinement statistics indicate that the E site is fully occupied; although the electron density map is somewhat weaker for its D, T, and anticodon loops, density for the stems of E-tRNA is as strong as that observed for the P-tRNA. The weaker density for the loops and the heterogeneity of the tRNAs in the E site make it difficult to interpret the state of codon-anticodon pairing in the E site, an issue of potential relevance to a proposed reciprocal allosteric interaction between the ribosomal A and E sites (Nierhaus, 1990) . A definitive answer to this question will thus have to await the structure of a complex containing a cognate tRNA bound in the E site.
The 70S E site holds the deacylated tRNA by interactions with 16S rRNA, 23S rRNA, and three ribosomal proteins (Table S1 ). In the 30S subunit, 16S rRNA interacts with the E site ASL exclusively via backbone-backbone interactions, explaining why no E site tRNA footprint was observed for 16S rRNA using base-specific chemical probes Noller, 1986, 1990) . Ribose 694 and phosphate 695 pack against phosphate 39 of the E-tRNA anticodon stem, possibly mediated by a magnesium ion, and phosphate 1340 packs on ribose 35 in the anticodon loop. The sole 30S protein interaction is with the C-terminal a helix of protein S7, which contacts the E-tRNA backbone at ribose 41. Guanine 693 of 16S rRNA packs against ribose 1 of the E codon. The previously observed protection of G693 from kethoxal by binding of tRNA or an ASL to the 30S P site Noller, 1986, 1990 ) is likely due to contact between G693 and the E codon that is induced upon formation of the flanking P site codon-anticodon interaction.
In the 50S subunit, the elbow of E site tRNA contacts both protein L1 and the head of the L1 stalk (helices 76-78) of 23S rRNA, corresponding to a large-scale movement of the stalk relative to the structures of the vacant 70S ribosome (Schuwirth et al., 2005) or the isolated 50S subunit (Harms et al., 2001 ). Reversal of this movement of the L1 stalk would allow release of the tightly sequestered deacylated tRNA from the ribosome ( Figure 3A) . Contact between the tRNA and 23S rRNA involves stacking of the tertiary G19-C56 base pair of tRNA on the sheared G2112-A2169 tertiary pair of 23S rRNA (Figure 3B ). This interaction accounts for the protection of G2112 and A2169 from chemical probes by E site tRNA (Moazed and Noller, 1989a) . Protein L1 contacts the EtRNA elbow at J55 in the T loop with the tip of the b hairpin around Lys167 and contacts the T stem backbone at positions 61-62 from the end of another b hairpin at Arg52 and Arg53. The contribution of the tRNA elbow contacts to E site binding is clear from the greatly impaired E site binding of ribosomes lacking L1 (L. Hoang and H.F.N., unpublished data).
The minor-groove surface at the end of the acceptor stem of the E-tRNA makes extensive backbone-backbone contacts at nucleotides 70-71 with the minor groove of helix 68 of 23S rRNA ( Figure 3C ). These include a ribose-zipper interaction (Cate et al., 1996) between the 2 0 OH of ribose 1851 of 23S rRNA and the base and ribose of G71 of E-tRNA ( Figure 3D ). The functional importance of this interaction was demonstrated by Feinberg and Joseph (2001) , who have shown that methylation of ribose 71 of P site tRNA blocks EF-G-dependent translocation. Since no ribosomal contacts are made with ribose 71 in the 70S P site, inhibition of translocation must be due to the inability of the methylated deacylated tRNA to move from the P/P into the P/E hybrid state. Protein L28 contacts the backbone of the acceptor end of E-tRNA at positions 73 and 74 via basic side chains in its extended b hairpin around residues 38-39 ( Figure 4A ). Although L33 has been crosslinked to the 3 0 adenosine of E-tRNA (Kirillov et al., 2002) , we have not yet placed this protein in our structure. Crucial to E site binding is the 3 0 -terminal adenosine of tRNA, which must be deacylated and unmodified (Feinberg and Joseph, 2001; Lill et al., 1988) . In our structure, A76 is recognized and fixed in position by extensive stacking and H-bonding interactions with 23S rRNA ( Figure 4A ). As in the complex between the H. marismortui 50S subunit and a CCA-containing RNA hairpin analog of E-tRNA (Schmeing et al., 2003) , adenine 76 is rotated away at a 90 angle to the planes of the stacked bases in the acceptor stem, intercalating between bases G2421 and A2422 of 23S rRNA and H bonded to phosphate 2422 (Figures 4A and 4B) . Previous biochemical studies have strongly implicated the conserved C2394 in E-tRNA binding. The 2 0 hydroxyl of ribose 76 of the deacylated E-tRNA is H bonded to C2394, similarly to that of the 50S model complex, helping to explain the specificity of the E site for deacylated tRNA (Lill et al., 1988) , protection of C2394 by E-tRNA (Moazed and Noller, 1989a) , and destabilization of E site binding by 2 0 -O-methylation (Bocchetta et al., 2001) or mutation of C2394 to G (Sergiev et al., 2005) . In contrast, the path of the 3 0 tail differs markedly between our T. thermophilus 70S complex and that observed for the H. marismortui 50S complex. In our structure, C74 and C75 are stacked continuously with nucleotide 73 and the acceptor stem ( Figure 4A ), while in the 50S complex, C75 was flipped out on the opposite side of the backbone, unstacking it from C74, stabilized in part by H bonding of phosphate 76 to the 2 0 OH of ribose 74 (Figure 4B ). These differences are likely due to phylogenetic differences between the structures of the E sites of the ribosomes used in these studies. Although the 23S rRNA elements of the two E sites are nearly identical, contacts with the tail, other than with A76, are made exclusively with proteins. The archaeal H. marismortui 50S subunit lacks protein L28 and instead has L44e in the E site, a protein of unrelated sequence or fold (Schmeing et al., 2003) . Schmeing et al. also noted that the overall orientation of the stem of their E-tRNA analog differs from that of the full-length E site tRNA as seen in the 5.5 Å structure of the T. thermophilus 70S complex and concluded that their analog was most likely bound in a way that resembles the P/E hybrid state, rather than the E/E state, which could also help to account for these differences. A further possibility is that the additional ribosomal contacts made by a full-length tRNA cause it to bind to the E site differently from an acceptor-stem mimic interacting with the isolated 50S subunit.
Distortion of tRNA Structure by the Ribosome
Interaction of tRNA with the ribosome can cause significant conformational changes in tRNA, as illustrated by cryo-EM images of the EF-Tu ternary complex bound to the ribosome . In that study, tRNA was visualized both in the A/T state, bound to the ribosome in complex with EF-Tu, and in the A/A state. In the A/T state, the anticodon arm of the tRNA is bent by more than 30 to allow initial codon recognition, while in the A/A state, the tRNA is bent by about 15
. The hinge point was localized to the junction of the anticodon and D stems at or near the purine-purine base pair between positions 26 and 44.
Our structure shows that binding of tRNA to the ribosomal P and E sites causes significant distortion of the structure of tRNA when compared to the 2.0 Å crystal structure of yeast tRNA Phe (Jovine et al., 2000) , which was used as the initial model for our refinements. Rootmean-square differences (rmsds) between backbone phosphorus atoms of P-and E-tRNA with respect to those of yeast tRNA Phe are 2.1 and 2.0 respectively. Both tRNAs are kinked at the junction of the anticodon and D stems, centered on the A26-G44 purine-purine base pair, bending the body of the tRNA relative to the ASL (Figures 5A-5D ). Kinking of the P-tRNA is most pronounced, causing it to bend toward the large subunit by about 10 (Figure 5B ). In addition, there is a partial unwinding of the D stem relative to the anticodon stem, resulting in a rotation of the body of the P-tRNA relative to the ASL by about 10 around the axis of the anticodon stem, orienting it slightly toward the A site ( Figure 5A ). The body of the E-tRNA also rotates by about 10 relative to the ASL, but around an axis drawn between the 26-44 base pair and its 3 0 acceptor end, moving its elbow in the direction of the L1 stalk (Figures 5C and 5D) . Interestingly, kinking has been observed to be most extreme in the A/T state, decreasing incrementally as the tRNA passes from the A/T through the A/A, P/P, and E/E states. If kinking represents a higher-energy state than the free state, as suggested by previous studies (Auffinger et al., 1999; Ehrenberg et al., 1979; Friederich et al., 1998) , the energy to drive tRNA movement might derive in part from gradual relaxation of the conformational energy introduced in the initial A/T binding state by EF-Tu and GTP . Another notable change is seen in the anticodon loops, as suggested by our previous 5.5 Å structure ; the P-tRNA anticodon loop is wider and more rounded than that of the isolated tRNA, while the apex of the E-tRNA loop is narrow and more sharply kinked ( Figure 5E ).
Conformational Differences between Different Ribosome Structures
Several large-scale rearrangements are revealed by comparison of the structure from the present crystal form with the previous 5.5 Å structure of a similar T. thermophilus tRNA-mRNA-ribosome complex ). The rmsds for backbone phosphorus atoms of the 30S and the 50S subunits between ribosomes from the two crystal forms are 2.2 and 2.5 Å , respectively. If the two structures are superimposed on their 23S rRNAs, it can be seen that, in our model, both the head and body of the small subunit move relative to the large subunit (data not shown). Viewed from the interface, the head rotates counterclockwise and the body clockwise, each by about 2 , around an axis perpendicular to the interface plane, closing the gap between the head and shoulder at 16S rRNA nucleotides 422 and 1045 by $5 Å . At the same time, the top of the head moves toward the 50S subunit by about 4 Å . In the 50S subunit, the C-terminal domain of L9, which makes a crystal contact with the 30S subunit of a symmetry mate, is displaced by about 10 Å downward, away from the L1 stalk.
Changes in ribosome structure in response to tRNA binding are suggested by comparison of our structure with that of the vacant 70S ribosome (Schuwirth et al., 2005) . Our comparison is made with E. coli structure I, whose structure is most similar to ours (Schuwirth et al., 2005) . Since both structures come from eubacterial ribosomes, in addition to the fact that structural features Comparison of the binding and conformations of (A) the CCA tail of tRNA to the E site of the T. thermophilus 70S complex and (B) a CCA-containing RNA hairpin to the H. marismortui 50S E site (Schmeing et al., 2003) .
involved in ribosomal function are often universally conserved, many functionally relevant conformational changes are unlikely to be due to species differences. Differences between the tRNA-ribosome complexes and vacant ribosomes are even more pronounced (rmsd values for the 30S and 50S subunits of 3.0 and 2.6 Å , respectively). In the 30S subunit ( Figure 6A ), the most prominent difference is seen for the head of the subunit, which moves as a rigid body (Schuwirth et al., 2005) , pivoting around the neck (helix 27 of 16S rRNA) such that top of the head undergoes a movement of about 15 Å . As a result, the 1240 and 1340 regions of 16S rRNA clash strongly with the positions of the P-and E-tRNAs, as seen in our structure ( Figure 6C ). This particular difference is unlikely to be attributable simply to the presence or absence of tRNA since cryo-EM reconstructions of vacant ribosomes do not appear to undergo such movement (Frank and Agrawal, 2000) . Elsewhere in the small subunit, localized differences are seen for individual helices, including the ''spur'' (helix 6), helix 23 in the right-hand side of the platform, and in the middle of the penultimate stem (helix 44). The latter difference is especially interesting because of its location close to the axis of rotation for the relative movement of the 30S and 50S subunits (Gao et al., 2003) and because of the apparent localized mobility of the middle of the penultimate stem.
In the 50S subunit, the most dramatic conformational difference is found in the L1 stalk, which is displaced by about 30 Å away from the P site in the vacant ribosome, reflecting a movement that is most likely coupled to release of tRNA from the E site. It opens even further in the free 50S subunit (Harms et al., 2001) , pivoting around nucleotides G2100-U2189 of helix 76 by 30 with respect to the structure of the 70S complex, resulting in displacement of the top of the L1 stalk by about 40 Å ( Figure 3A and Figure 6B ). Movement of the L1 stalk between all three structures can be ascribed to a localized flexibility between nucleotides 2187-2193 and 2096-2102. The major groove of this part of helix 76 is dramatically compressed in the 70S functional complex (Figure 3A) , where the L1 stalk moves toward the interface to contact the elbow of E site tRNA, as discussed above. The distorted region is rich in G-U wobble pairs, which are present in nearly all species. The presence of G-U pairs in double helices has been shown to increase their deformability (Chang et al., 1999; Ramos and Varani, 1997) , in this case enabling large-scale movement of the L1 stalk.
Structural differences are also observed between our structure and the E. coli structure in the interactions forming two of the dozen intersubunit bridges that are responsible for joining the 30S and 50S subunits. These are of interest because of their role in enabling the intersubunit movement that occurs during the translocation step of protein synthesis (Gao et al., 2003) . The RNA and protein components of the bridges were first identified in lowerresolution crystal structures of T. thermophilus 70S ribosomes Culver et al., 1999; ) and described in detail for the E. coli structures (Schuwirth et al., 2005) . The bridges in the structure presented here are very similar in detail to those described by Schuwirth et al., with the exception of bridges B1a and B1b, which can be explained by the different positions of the head in the three structures. In bridge B1a, which connects protein S13 in the head of the 30S subunit with the (E) Anticodon loop deformations showing the differences between the loop conformations of P-tRNA (orange), E-tRNA (red), and the crystal structure of free tRNA Phe (Jovine et al., 2000) .
A site finger (helix 38) of 23S rRNA and is disordered in both E. coli structures, nucleotides 886-888 of 23S rRNA make two separate contacts with S13 at positions 79-83 and 93-94. Bridge B1b, which connects the head of the 30S subunit with the central protuberance of the 50S subunit via interactions between proteins S13 and L5, takes two different forms in the two E. coli structures (Schuwirth et al., 2005) . Our structure has a third form (data not shown), in which three different regions of S13 contact L5, none of which are the same as those observed in the E. coli structures.
Conclusion
The increased resolution of this 70S ribosome complex provides a greatly enhanced view of the details of ribosome-tRNA interactions in the P and E sites. We can now account for the high degree of phylogenetic conservation of many of the features of ribosomes and tRNA, and particularly how the unique structural capabilities of RNA are exploited to create a functional ribosome. Our structure also presents new evidence that both the ribosome and its RNA substrates are exquisitely dynamic molecules whose structural rearrangements are an integral part of the mechanism of protein synthesis. In spite of the rapid progress from structural, biochemical, biophysical, and genetic studies of ribosomes during recent years, we nevertheless lack a full understanding of the mechanisms of the fundamental processes of tRNA selection and accommodation, translocation, and catalysis of peptide bond formation, not to mention many other important (Schuwirth et al., 2005 ) and the T. thermophilus tRNA-containing complex (cyan), showing clash between the 16S rRNA in the E. coli structure with P-tRNAs (orange) and E-tRNAs (red) from the T. thermophilus complex.
functions. A detailed, static structure of a ribosome complex is thus only a starting point for future studies that will ultimately need to explain the molecular dynamics of translation at atomic resolution.
EXPERIMENTAL PROCEDURES
Ribosomes were purified from Thermus thermophilus cells and crystallized as described in the Supplemental Experimental Procedures. Diffraction data were collected at beamline 12.3.1 at the Advanced Light Source at Lawrence Berkeley National Laboratory using an X-ray wavelength of 1.115879 Å and an oscillation angle of 0.25 . They were integrated with D*TREK (Pflugrath, 1999) and scaled with SCALA (Evans, 2006 ). An all-atom energy-minimized model of the 70S T. Thermophilus ribosome (Tung and Sanbonmatsu, 2004 ) was used as a starting structure, with some modifications. Large-subunit ribosomal protein models for L16, L18, L23, and L27 were added or replaced with the structures of T. Thermophilus proteins determined recently by Xray crystallography and NMR (Nishimura et al., 2004; Ohman et al., 2003; Wang et al., 2004; Woestenenk et al., 2002) . Initial protein models with unknown three-dimensional structures were obtained by sequence alignment against homologous structures using T-COFFEE (Notredame et al., 2000) and subsequent homology modeling using Modeller (Fiser and Sali, 2003) . The 2.0 Å yeast tRNA Phe structure (Jovine et al., 2000) was used as the starting model for P and E site tRNAs. Molecular replacement and reciprocal-space torsion-angle simulated annealing refinements were performed with CNS (Brü nger et al., 1998) . O (Jones et al., 1991) and PyMOL (http://pymol. sourceforge.net/) were used for manual refitting against composite omit 2F o À F c maps. Stereochemically restrained real-space refinement of refitted regions as well as of the entire model was carried out using RSRef2000 (Korostelev et al., 2002) . Composite omit maps calculated using CNS (Brü nger et al., 1998) were used to minimize the effect of model bias (Hodel et al., 1992) . Refinement of TLS parameters was performed using REFMAC (Winn et al., 2003) at the final stage of structure determination and led to R/R free of 0.346/0.347. The resolution limit of 3.7 Å was initially determined empirically by improvement in the quality of the electron density map and was confirmed statistically with the crossvalidated s A method of Ling et al. (1998) as used by DeLaBarre and Brü nger (2006) ( Figure S2 ). Absence of strong model bias is evident from the poor fit of the starting model to the electron density map ( Figure S3 ). Superposition of structures and calculation of rmsd values were performed in PyMOL. Figures were rendered using PyMOL and Ribbons (Carson, 1997) . 
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